The use of large bubble-free hydrous glass cylinders (placed in internally heated pressure vessels) previously prepared and already containing markers and platinum spheres allows falling distances up to several centimeters to be measured with a precision of Ϯ50 to 200 m. This results in a precision of Ϯ15% relative or less for most viscosity data (Ϯ10% relative or less if the temperature is known within Ϯ5 ЊC).
INTRODUCTION
The high viscosities (10 10 to 10 14 d·Pa·s or poises) of hydrous aluminosilicate glasses can be measured at 1 atm with different types of viscosimeters (e.g., Lejeune et al. 1994; Dingwell et al. 1996; Richet et al. 1996) , if the temperature is low enough to avoid significant diffusion of water out of the sample (water is only dissolved at high pressure in aluminosilicate liquids with compositions close to those of natural melts). At high pressure (P) and temperature (T), determination of the viscosity of hydrous silicate liquids is notoriously difficult because experiments have to be carried out in sealed noble metal capsules, which makes in situ measurements difficult (for possible in situ techniques, see Kanzaki et al. 1987; Persikov et al. 1990) . Until now, the most popular technique used for granitic melts is that of the falling sphere (e.g., Bacon 1935; Shaw 1963; Burnham 1964; Baker and Vaillancourt 1995; Scaillet et al. 1996) . The precision of the viscosity determinations is mainly a function of the set-tling distance of the spheres (typically platinum spheres), of uncertainty in the position of platinum spheres before and after the experiments, and of the correction factors applied to account for the effects of viscous drag exerted on the settling spheres by the capsule walls (Faxen correction, see Shaw 1963) . Most available data have been obtained from relatively small samples, yielding high uncertainties on the viscosity values, stated as Ϯ15% relative (e.g., Dingwell 1987; White and Montana 1990; Baker and Vaillancourt 1995) . This uncertainty, together with possible systematic errors due to the application of different correction factors and with high uncertainties on the determination of the water contents in the melts, result in difficulties combining the available viscosity data sets, which are not always consistent. For example, the data in Figure 1 suggest that almost identical viscosities are obtained for albite melts containing 2.8 and 4.5 wt H 2 O and that melts containing 5.6 wt% H 2 O are slightly less viscous than melts containing 6.9 wt% H 2 O (data from Dingwell 1987 and Persikov et al. 1990 , respectively), which is not realistic because melt viscosity is known to decrease with increasing water content. Thus, although the FIGURE 1. Experimentally determined viscosities (symbols) for hydrous albite melts from previous studies. Open symbols are data obtained by Persikov et al. (1990) at 50, 100, and 200 MPa for melt water contents of 1.9, 4.5, and 6.9 wt% H 2 O, respectively. Filled symbols are data obtained by Dingwell (1987) at 250 MPa (two points for 2.8 wt% H 2 O) and 750 MPa (all other data). Note the discrepancies between the different data sets: For example, the viscosity of a melt with 6.9 wt% H 2 O (data from Persikov et al. 1990 ) is higher than that of a melt with 5.6 wt% H 2 O (data from Dingwell 1987) . Note: Analyses are averages of all analyzed spots, with standard deviations given in parentheses. A correction factor of 1.06 was applied for Na based on the analysis of standard samples having microprobe in the BRGM-CNRS analytical laboratory at Orlé ans. Procedures for analysis of glasses are described in Scaillet et al. (1995) .
* SA/HNK ϭ (Si ϩ Al)/(H ϩ Na ϩ K) molar. H is determined from the average H 2 O contents given in Table 2. available data for albite melts (Dingwell 1987; Persikov et al. 1990; Baker 1996) allow the general effect of water on the viscosity to be determined (probably within one log unit), the effects of small compositional variations (anhydrous composition or water content) cannot be constrained. This makes it difficult to model melt viscosities accurately and to interpret the structural effect of water on aluminosilicate liquids, which is required to understand the evolution of the rheological and chemical properties of magmas during crystallization, degassing, transport, and eruption processes.
In this study, the falling sphere technique has been improved (see also Schulze et al. 1996) to determine the effects of water and anhydrous composition on the viscosity of haplogranitic hydrous melts. The viscosity of melts with compositions along the NaAlSi 3 O 8 -Si 4 O 8 (AbQz) join is investigated. This study complements that of Schulze et al. (1996) , who determined the effect of water on one haplogranitic composition (Ab 38 Or 34 Qz 28 , mole proportions on the basis of eight oxygen atoms, Or ϭ KAlSi 3 O 8 ). The experimental results permit prediction of the viscosity of haplogranite melts with a precision better than Ϯ0.15 log units, provide new constraints on the structure of hydrous aluminosilicate liquids, and have implications for estimating viscosities of natural granitic melts.
STARTING MATERIALS AND METHOD
The technique employed in this study to determine the viscosity of hydrous melts is very similar to that used by Shaw (1963) , and requires three preliminary experimental steps before viscosity experiments are carried out (see also Schulze et al. 1996) .
Synthesis and composition of anhydrous glasses (step 1)
Three starting compositions have been investigated along the Qz-Ab join. Two dry glasses, Ab 75 Qz 25 and Ab 50 Qz 50 (proportions expressed in weight percent of NaAlSi 3 O 8 and SiO 2 ), were prepared by heating up a mixture of oxides (SiO 2 , Al 2 O 3 ) and carbonates (Na 2 CO 3 ) at 1600 ЊC and 1 atm for 4 to 5 h. After cooling, the glasses contained numerous gas bubbles. Behrens 1995) and contained only a few gas bubbles. Analysis of several pieces of each composition indicate chemical homogeneity (Table 1) .
Preparation of hydrous glass samples (step 2)
The water-bearing glasses were synthesized in an internally heated pressure vessel (IHPV) at high P and T in sealed platinum capsules (40 mm long, 5 mm inner diameter) containing the anhydrous glass powder (obtained by grinding the glasses synthesized in step 1 experiments) and the desired amount of distilled water (0.5 and 3 wt% H 2 O added). The sealed capsules were heated at 120 ЊC for 1 to 10 h to check for leaks and to homogenize water in the glass powder. The applied P-T conditions were 200 to 500 MPa and 1300 to 1375 ЊC. Experiments were conducted for 65 to 80 hours. The shapes of the resultant glass blocks were roughly cylindrical. The glasses with 3 wt% added H 2 O were bubble-free. A few bubbles (up to 20 m) were present in the Ab glass with 0.5 wt% added H 2 O. The synthesis was performed at 200 MPa and this pressure was probably not sufficient to remove all air bubbles (no water could be detected in the bubbles with Raman spectroscopy). Both ends of the cylinders were cut to check anhydrous composition (Table 1 ) and determine whether water was distributed homogeneously in the glass (Table 2 ). The central parts were used to prepare 
Sample preparation for viscosity determinations (step 3)
The glass cylinders with a diameter of 4 mm (15 to 18 mm long) were loaded into platinum capsules along with one or two platinum spheres and a platinum marker. Platinum powder was placed at the bottom of the capsule between a slice of glass and the cylinder to obtain a marker perpendicular to the long axis of the cylinder. The platinum sphere(s), surrounded by glass powder (collected from the second step experiments), were placed at the top of the capsule. Both the diameter and weight of the platinum spheres were determined before they were loaded into the capsule. Only spheres that yielded the same diameter from both direct microscopic determination and weighing were used. The capsule was sealed and then placed in an IHPV at the same P-T conditions as those planned for the viscosity determinations. Run times ranged from 30 to 60 min. After the experiment, most of the spheres were still spherical. However, some became slightly ellipsoidal or lenticular, probably due to pressure exerted at room temperature by the glass fragments on the spheres (pressure is applied before heating up in the experimental procedure). The positions of the platinum marker and of the spheres within the translucent glass sample were determined using a microscope equipped with an automated x-y stage. Several determinations of a distance (up to 10 mm) between two points showed a variation of less than 5 m.
Determination of viscosity (step 4)
Viscosity experiments were performed by sealing the glass cylinder (obtained from step 3) in a platinum capsule, holding it at the desired P and T, and determining the settling distance(s) of the sphere(s) after the quench. The latter was measured with a microscope (see above) using the position of the marker, considered to be static, and that of the spheres before and after the experiments (Table 3) . Several runs were performed at different P-T conditions with the same glass cylinder, thus allowing determination of melt viscosities using the same sample at different conditions. After each experiment, the platinum capsule was opened, the falling distance was measured, the glass cylinder was turned upside down (so that the platinum spheres were falling back in the opposite direction from the previous experiment), and sealed again in a new platinum capsule for the next experiment.
The viscosity, (in dPa·s or poises), is derived from the equation
where r is the radius (cm) of the sphere, g the acceleration due to gravity (cm/s 2 ), ⌬ the density (g/cm 3 ) difference between that of the platinum sphere (21.45) and of the melt, C f the Faxen correction, and v the settling velocity of the spheres (cm/s). The mathematical expression for C f is given by Shaw (1963, Eq. 2), Dingwell (1987, Eq. 3), and Schulze et al. (1996, Eq. 2) . The values of C f and of the density of the melt used to calculate the viscosities are given in Table 3 . The Faxen correction used in Equation 1 takes the effects of capsule walls into account (noninfinite medium), but not the possible effects of the ends of the capsule (see discussion). The density values that have been used were taken from studies of for Ab glasses, and extrapolated from the studies of Schulze et al. (1996) and for the Ab-Qz glasses. The small variations of the density due to this extrapolation as well as those resulting from the extrapolation of the density of glasses to that of melts do not affect significantly the viscosity determination (Dingwell and Mysen 1985; Schulze et al. 1996) . In one sample (Ab 50 Qz 50 ), one platinum sphere was extremely deformed after the preparation experiment [lenticular shape with an axial ratio (c/a) of ϳ0.6]. On the basis of results of Kerr and Lister (1991) , a correction factor of 0.9 ( melt ϭ 0.9 determined ) was applied to determine melt viscosity (Table  3) .
In glass cylinders containing two spheres, two independent viscosity determinations are obtained for each experiment using Equation 1. A third viscosity value can be calculated using the difference of the settling distances of the two spheres. The latter determination does not require the existence of a marker and is given by the equation:
where t is the experimental duration (in seconds) and ⌬d the difference of settling distances (d 1 -d 2 in cm) between spheres 1 and 2 (r 1 , C f1, , r 2 , C f2 , are the radii and Faxen corrections for spheres 1 and 2, respectively). * The radii of the spheres indicated in the table are those determined before the experiments. The value of the experimentally determined viscosity has been corrected by a factor of 0.9 to account for the lenticular shape of the sphere with an initial radius of 136.5 in composition Ab 50 Qz 50 (see text).
† Viscosity values calculated from the settling difference of the two spheres, using Equation 2 (see text). This calculation does not take into account the shape of the spheres; if one or both spheres is not strictly spherical, the viscosity value is erroneous.
EXPERIMENTAL AND ANALYTICAL TECHNIQUES

Experimental apparatus
All experiments at high P-T conditions were conducted in two IHPV, equipped with high-temperature furnaces allowing temperatures up to 1400 ЊC to be reached with temperature gradients of less than 10-15 ЊC along 30-40 mm long capsules (three PtRh6-PtRh30 thermocouples were positioned along the capsules). A detailed description of the pressure vessels and furnaces is given by Roux and Lefèvre (1992) and Roux et al. (1994) . The experimental conditions for the experiments designed to measure melt viscosities (980-1375 ЊC, 190-360 MPa) and durations (67-1096 min) are listed in Table 3 . The heating rate between 800 ЊC and the desired temperature varied between 120 and 160 ЊC/min. The cooling rate between 1375 and 900 ЊC was approximately 120 ЊC/min.
Water content of glasses
The water contents of the glasses were determined by Karl Fischer titration (KFT). This technique, also used for the determination of water solubilities, is described in detail by Behrens (1995) and Holtz et al. (1995) . The relative precision depends mainly on the duration of titration and on the amount of water that is titrated. In this study, the water content was determined with an absolute precision of Ϯ0.15 wt% H 2 O.
The water contents at both ends of the hydrous glasses synthesized in the second experimental step were almost identical for three samples, but one sample was not perfectly homogeneous (Ab 75 Qz 25 , Table 2 ), which is probably the result of a heterogeneous distribution of water within the glass powder before the synthesis of the hydrous glasses. To reduce the water gradient along the sample, this glass was subsequently heated at 1250 ЊC and 300 MPa for 4 h before the viscosity determination experiments. The identical viscosities obtained for two experiments at 1307 ЊC (Table 3) , which corresponds to the first and last viscosity experiments conducted with sample Ab 75 Qz 25 is evidence for a homogeneous distribution of water in the melt during the viscosity experiments. In addition, water contents at both ends of this glass sample analyzed after the last viscosity experiment are identical within error (Table 2 ). For the other samples, no loss of water occurred during the experiments and water contents determined before (after step 2 experiments) and after the viscosity determinations (Table 2) were identical. Figure 2A and 2B are the experimental data obtained for Ab-Qz melts (Table 3) . Lines in Figure 2A are fitted through the experimental data for each composition. Lines in Figure 2B represent the viscosities calculated for AOQ melts, using the equation given by Schulze et al. (1996) for the indicated water content. Note that the experimentally determined viscosities for Ab 50 Qz 50 ϩ 2.8 wt% H 2 O and Ab ϩ 2.8 wt% H 2 O are very close to the viscosities for AOQ melts ϩ 2.03 and 3.63 wt% H 2 O, respectively. Note: The error given in parentheses has been calculated considering that the viscosity is determined with a precision of Ϯ10% relative.
EXPERIMENTAL RESULTS
The measured settling velocities of the platinum spheres and the resulting viscosity data are listed in Table  3 . The size of the platinum spheres (determined before the experiments), the applied Faxen corrections, and the density of the melts that have been used to calculate viscosity are also given in Table 3 . An additional correction was applied to account for the lenticular shape of one platinum sphere (sample Ab 50 Qz 50 , see above and Table  3 ). When two platinum spheres were incorporated in the samples, the maximum viscosity variation calculated from the settling distance between the marker and each sphere is 0.03 log units [log(exp) in Table 3 ]. For two compositions (Ab-0.65% H 2 O and Ab 75 Qz 25 -2.8% H 2 O), the viscosities calculated from the difference of the settling distances of the two spheres (Eq. 2) are also in good agreement with those determined using the platinum marker, except for one experiment (Ab-0.65% H 2 O, 1275 ЊC, Table 3 ). This difference is due either to an error in the measurement of the falling distances or to a delayed start of one of the spheres at the beginning of the experiment. Because of the long settling distance, the viscosities determined using the marker are almost identical for this experiment and can be considered as valid. For composition Ab 50 Qz 50 , the viscosities calculated from the difference of settling distances yield erroneous values because of the lenticular shape of one of the spheres. This shows that the comparison of viscosities calculated using Equations 1 and 2 is a good test for possible experimental problems (e.g., mistakes in the distance measurements). In this paper, viscosities reported in figures and used for calculations are average values of viscosities obtained from Equation 1.
At a given temperature, melt viscosity increases with increasing Qz content (samples with 2.8 wt% H 2 O) and with decreasing water content (Ab melt). For all compositions, the viscosity has an Arrhenian behavior in the investigated temperature range ( Fig. 2A) and can therefore be represented by the equation
where log o is the pre-exponential factor, E a the activation energy of viscous flow (kJ/mol), R the gas constant, and T the temperature (kelvin). The values for log o and E a are given in Table 4 and were calculated using linear regressions.
DISCUSSION Precision of the viscosity data compared to previous studies
The use of long glass cylinders in which platinum spheres and markers are incorporated in preliminary experiments (step 3), of platinum spheres with small radii, and of long experimental durations improve the quality of the viscosity data. The precision of our data is probably better than that obtained by Shaw (1963) , because no platinum marker was used in that pioneering study (distances were measured using the end of the glass cylinders as a reference). In addition, the samples used by Shaw (1963) were shorter (maximum 10 mm long glass cylinders), the radius of the platinum spheres larger (r ϭ 250 to 400 m), and the radius of the glass cylinders smaller (R ϭ 0.125 cm), resulting in Faxen correction values that were higher (thus increasing potential error in viscosity determinations). In the present study, the correction for the height of the cylinder (end effects of the capsule) would result in a maximum variation of 0.015 log units for the viscosity and can be neglected (see calculation in Shaw 1963) .
The major source of error in experiments based on the falling sphere technique is generally considered to be the precision of the settling distance of the spheres (e.g., Shaw 1963) . In this study, the positions of the sphere and of the marker were determined without changing the focus of the microscope. The distance between the sphere and marker was measured six to ten times for three or more positions of the cylinder (obtained by rotation of the cylinder), and an average settling distance of each sphere is given in Table 3 . The maximum and minimum values were used to calculate the error of the settling distance given in Table 3 . In the case of long settling distances and for small variations (e.g., the experiment with Ab 50 Qz 50 at 1135 ЊC, sphere with r ϭ 159 m), the precision of the viscosity can be as good as Ϯ0.0035 log units or Ϯ0.8% relative. For all other determinations, the error of the viscosity due to the measurement of the settling distance of at least one platinum sphere is Ͻ Ϯ6% relative (corresponding to Ϯ0.025-0.03 log units), except for Ab-0.65 wt% H 2 O at 1325 ЊC with an error of Ϯ10% relative (Ϯ0.05 log units). The uncertainties for most viscosities are within Ϯ1-4% relative. In samples containing two platinum spheres, the viscosity determinations could be duplicated, and the variation resulting from the determination of the settling distance of each sphere is 7.1% relative for one experiment and Ͻ5% relative for all other experiments.
The uncertainty in measuring the time of descent varies with the duration of the experiment. To calculate the velocity of the sphere, the beginning of the experiment was considered to be 10 ЊC under the set point. The end of the experiment was the moment at which power was turned off. If a correction of 2 min is applied, which takes into account the heating and cooling time between the set point and a temperature 120 ЊC below the set point. It also takes into account the viscosity increases by 2% relative for experiments with durations of 6000 to 10 000 s (ϩ0.01 log units or less) and by 1% relative or less for experiments with durations longer than 19 000 s. The uncertainty is 2.8% relative for the shortest experiment (4050 s).
The possible lag in the starting time of sinking of the platinum sphere can be determined with experiments of different durations. The effect of experimental duration was tested for one condition (1307 ЊC for composition Ab 75 Qz 25 ) and the viscosities were found to be identical after 4050 and 7140 s (Table 3 ). This was also observed by Schulze et al. (1996) for Ab 38 Or 34 Qz 28 (AOQ) melts. Because of the long experimental durations (always Ͼ4000 s), it was not deemed necessary to test systematically that identical viscosities are obtained as a function of time.
The technique employed in this study significantly minimizes the uncertainties resulting from measurement of settling distances, and the determination of temperature becomes the most important source of error. The temperature is known with a precision better than Ϯ10 ЊC. This range takes into account both the temperature gradient along the sample and the precision of thermocouples. The resulting effects on viscosity range between Ϯ8-11% relative, depending on the temperature (Ϯ0.04-0.05 log units). Because all viscosity (step 4) experiments were performed in the same IHPV, and because the maximum temperature was always recorded in the central part of the sample where the platinum spheres were located, temperature readings are probably precise to Ϯ5 ЊC.
The calculated maximum overall error for viscosity values obtained in this study is close to Ϯ15% relative if T is known within Ϯ10 ЊC. If T is considered to be constrained within Ϯ5 ЊC, a precision of Ϯ10% relative or less is attained for most of the viscosity data reported in Table 3 (viscosity calculated from the settling distance between the marker and the sphere). It is emphasized that the difference of density between glasses and melts, and the error of the determination of the radius of platinum spheres, have not been considered in the precision given above. These errors can be neglected for the determination of the effect of T on the viscosity of a given composition (the same glass cylinder with the same platinum spheres are used).
The precision of viscosity determinations in previous studies is estimated to be Ϯ15% (Dingwell 1987; White and Montana 1990; Baker and Vaillancourt 1995) . Baker and Vaillancourt (1995) performed duplicate experiments for two experimental conditions and the determined viscosities differed by 21 and 5% relative, which is consistent with an uncertainty of Ϯ15% relative. However, most of their experiments were performed in piston cylinder apparatus with small capsules (3 mm in diameter and 3 to 4 mm long in some cases, Baker and Vaillancourt 1995; Baker 1996) , which increases potential error, especially in the determination of the Faxen correction factor (end effects of the capsule must be taken into account; e.g., Shaw 1963; Baker and Vaillancourt 1995) . The marker and the metal spheres were placed in glass powder and the viscosity experiments were conducted directly with this starting material (Dingwell 1987; Baker and Vaillancourt 1995) . With this procedure, the initial relative position of spheres and markers is not constrained and both can move during the loading of the capsule in the piston cylinder (glass powder is not a rigid medium). An additional problem in some studies is that glasses were not always prehydrated (water was added to the dry glass for the viscosity experiments of Baker and Vaillancourt 1995; Baker 1996) , and heterogeneous distribution of water in the melt at the beginning of the experiment may affect the velocity of the sphere.
Consequently, compared with the technique designed FIGURE 3. Viscosities of Ab-Qz and AOQ melts as a function of the parameter SA/HNK ϭ (Si ϩ Al)/(H ϩ Na ϩ K) molar. The viscosities for each temperature are represented by different symbols. Symbols represent experimental data or have been extrapolated from experimental data. In the latter case, viscosities have been extrapolated for lower or higher temperatures using the Arrhenius curves for the investigated compositions (from Fig.  2A in case of Ab-Qz melts). Extrapolation was always Ͻ0.5 log unit from the experimental data.
by Shaw (1963) and used in this study, it is emphasized that the uncertainties are higher if viscosity is determined from a starting material composed of (dry) glass powder, especially if the settling distances are small (1 to 1.5 mm in Baker and Vaillancourt 1995) . This, together with possible systematic errors resulting from the calculation of the Faxen correction (especially when end effects must be considered), explains the difficulties of combining the viscosities obtained from different data sets (see introduction and Fig. 1 ). An additional reason for the inconsistent results shown in Figure 1 is the error on the determination of water content, which may be relatively high in some studies. For example, the water contents given by Persikov et al. (1990) for water-saturated Ab melts do not agree with recent water solubility investigations of Behrens (1995) and Romano et al. (1996) , and a difference of approximately 1 wt% H 2 O is observed at 200 MPa. All data in Figure 1 can be reconciled if a relative uncertainty of Ϯ15% on the viscosity determinations is assumed and if the error on the water content of the melt is Ϯ0.7 wt% H 2 O. Thus, uncertainties in the determination of viscosity and melt water content must be reduced if viscosity data for hydrous melts are used to understand or constrain the solubility mechanisms of water in melts.
Effect of silica content and alkalies on the viscosity of hydrous haplogranitic melts
The experimental results show that, at a constant water content in the melt (2.8 wt% H 2 O), the viscosity (expressed as log) increases almost linearly with increasing normative Qz content from Ab to Ab 50 Qz 50 ( Fig. 2A) . At 1200 ЊC this increase is approximately 0.65 log units from Ab to Ab 50 Qz 50 . The increase in viscosity with Qz content is not surprising, because the same effect is observed in dry melts (e.g., Urbain et al. 1982) . The effect of water content and composition on E a is difficult to assess due to the relatively high uncertainties on the E a values (Table  4) . E a tends to increase with decreasing water content in Ab melts (in agreement with most previous investigations, e.g., Dingwell 1987; Persikov et al. 1990; Schulze et al. 1996) .
The viscosity curves for two compositions containing approximately the same Qz content, the same water content (2.8 wt% H 2 O), but different Na/K ratios (AOQ and Ab 75 Qz 25 ), are similar (Fig. 2B ). This suggests that: (1) the effect of replacing Na by K on the viscosity of hydrous metaluminous and peraluminous melts is small [in agreement with results obtained for Ab and Or melts by Dingwell (1987) and White and Montana (1990) , respectively]; and (2) a single empirical equation can be formulated to account for both the effects of water and anhydrous composition on the viscosity of haplogranitic melts in the range 10 3 -10 5 poise.
Calculation of the viscosity of hydrous haplogranitic melts
As shown in Figure 2B , the equation of Schulze et al. (1996) that was established for Ab 38 Or 34 Qz 28 (AOQ) melts, can be used to predict the viscosity of haplogranitic melts with approximately 30% normative Qz, but discrepancies are observed if this equation is used to predict the viscosities of hydrous Ab or more Qz-rich melts. Nevertheless, this equation (valid for water contents between 1 and 8 wt% H 2 O) can be used to estimate the amount of water that would counterbalance the changing Qz content in a haplogranite melt. Figure 2B shows that almost identical viscosity curves are obtained for Ab 50 Qz 50 melts with 2.8 wt% H 2 O and AOQ melts with 2.03 wt% H 2 O. The viscosity of Ab melts with 2.8 wt% H 2 O is close to that of AOQ melts with 3.63 wt% H 2 O. This suggests that melt viscosity is almost identical for any haplogranitic composition if one Al charge balanced by Na or K is exchanged for one Si and one H (H being incorporated as molecular H 2 O or hydroxyl groups). Thus, the viscosity of hydrous haplogranite melts should be dependent on the molar proportion (Si ϩ Al)/(H ϩ Na ϩ K) (ϪSA/ HNK). All viscosity data obtained experimentally by Schulze et al. (1996) for the AOQ composition and in this study have been reported as a function of SA/HNK of the investigated compositions (see values in Table 1) in Figure 3 . A linear correlation between log and SA/ HNK is observed for a given temperature, and the viscosity can be predicted accurately for haplogranitic compositions as a function of SA/HNK and T only. It is emphasized that the compositional factor SA/HNK also accounts for the difference in the effect of water on viscosities of melts with high and low water contents [the effect of water on viscosity is lower in melts with high water contents than in melts with low water contents (e.g., Shaw 1963; Stolper 1982) ].
The experimental data have been fitted so that the equation predicting the viscosity has the same form as Equation 3 (this has the advantage that E a can be recal- and for hydrous Ab-Qz melts investigated in this study are compared with calculated viscosities using Equation 4 in Figure 4A . All data can be predicted by Equation 4 with a maximum deviation of Ϯ0.15 log units, except for the dry AOQ composition. (B) The experimental data obtained between 50 and 750 MPa for albite melts by Dingwell (1987) , Persikov et al. (1990) , and in this study are compared with predicted viscosities using Equation 4. (C) The experimental data obtained for the dry and hydrous (1 to 8 wt% H 2 O) AOQ melts and for hydrous Ab-Qz melts investigated in this study are compared with calculated viscosities using the model of Shaw (1972) . where the viscosity is expressed as d·Pa·s and T as kelvin. The pre-exponential factor (log o ϭ Ϫ1.8) corresponds to the average value of log o determined by Schulze et al. (1996) and in this study. The activation energy E a corresponds to:
Using Equation 4, viscosity can be predicted with a maximum deviation from the experimental data of Ϯ0.15 log units. The good correlation between the calculated and experimentally determined viscosities is shown in Figure  4A (for AOQ and Ab-Qz compositions) and in Table 3 (for Ab-Qz melts). It is emphasized that Equation 4 is strictly valid only for haplogranitic melts, and no data are available to determine whether this equation can be extended to synthetic peralkaline or strongly peraluminous hydrous compositions. The validity of Equation 4 is established only for the temperature range in which viscosity exhibits an Arrhenian behavior and for water contents between 1 and 8 wt% H 2 O in AOQ melts and 0.65 and 2.8 wt% H 2 O in Ab melts. Considering that pressure has a negligible effect on the viscosity of hydrous melts in the pressure range 250-1000 MPa (Dingwell 1987; Scaillet et al. 1996; Schulze et al. 1996) , Equation 4 can be applied at least for this pressure range and also probably down to 100 MPa because Shaw (1963) did not observe a pressure effect on the viscosity of a natural obsidian between 100 and 200 MPa. Comparison of the calculated viscosities with those obtained experimentally in previous studies (Ab hydrous melts between 50 and 750 MPa) shows an overall good agreement (Fig. 4B) . The more pronounced scatter of the points in Figure 4B when compared to Figure 4A is probably due to large uncertainties in the viscosity data obtained in previous studies. In Figure 4B , only data obtained between 50 and 750 MPa are illustrated. Data obtained at 1500 MPa and above (Dingwell 1987 and Baker 1996 for Ab melts; White and Montana 1990 for Or melts) are not shown because such high pressures may cause a decrease of the viscosity (Dingwell 1987; White and Montana 1990) .
The successful prediction of our viscosity data using Equation 4 implies that the exchange of one charge-balanced Al for one Si (no depolymerization and no breakage of T-O-T bridges) has the same effect on viscosity as the addition of one H incorporated as OH or H 2 O (for proportions of the species in such melts in situ, see e.g., Nowak and Behrens 1995) . This may be fortuitous, but may also be interpreted as an observation that is in agreement with the water incorporation model proposed by Kohn et al. (1989) , suggesting that water does not depolymerize aluminosilicate liquids (at least in the range 1.5-3.5 wt% H 2 O). However, it is emphasized that viscosities calculated from equation 4 for melts with very low water contents are significantly underestimated (Fig.  4A) . The calculated viscosity for dry Ab and AOQ melts at 1400 ЊC are 10 4.41 and 10 5.19 poises, whereas experimental data are 10 5.21 and 10 5.91 poises, respectively (Urbain et al. 1982; Schulze et al. 1996) .
Comparison with previous models and implications for the viscosity of natural felsic melts
The most popular model used to predict the viscosity of natural hydrous silicate melts was proposed by Shaw (1972) and derived from the model of Bottinga and Weill (1972) . Recently, several studies have emphasized that the model of Shaw (1972) , and therefore also the extension of this model to peraluminous melts proposed by Goto et al. (1997) , underestimates the viscosity of waterrich haplogranite melts and overestimates the viscosity of water-poor melts at geologically relevant temperatures (e.g., Baker 1996; Dingwell et al. 1996; Schulze et al. 1996) . This is also observed for the Ab-Qz compositions investigated in this study (Fig. 4C) . However, in the investigated viscosity range (log ϭ 10 3.5 -10 5.5 ), the model of Shaw predicts the viscosity with a maximum error of Ϯ0.5 log units. The differences are expected to be more pronounced for melts with viscosities higher than 10 5.5 poise and lower than 10 3.5 poise . For a given experimentally determined viscosity, the predicted viscosity for Ab 75 Qz 25 melts is systematically higher than the predicted viscosity for Ab and Ab 50 Qz 50 compositions (Fig. 4C ). Although these variations are small (0.2 log units), they suggest that the model of Shaw (1972) does not accurately predict the effect of changing SiO 2 content in hydrous haplogranitic melts.
The model of Persikov et al. (1990) and Persikov (1991) requires that the proportions of hydroxyl groups and molecular H 2 O be known. This has been determined in situ for the AOQ composition (Nowak and Behrens 1995) and a comparison with the experimental viscosity data obtained for the same composition shows that differences of up to two orders of magnitude between calculated and experimental viscosities are observed at 1300 ЊC, but better agreement is obtained at 800 ЊC. A discussion of the limitations of the model of Persikov et al. (1990) is given by Schulze et al. (1996) .
Two recent empirical models to predict the viscosity of hydrous natural granitic melts have been published by Baker (1996) and Hess and Dingwell (1996) . It is emphasized that these models cannot predict the variations with SiO 2 content of the melt observed in this study because both models fail to account for variations in anhydrous compositions. Comparison of the results for Ab 75 Qz 25 (a composition with a proportion of feldspar and quartz components close to a typical granite) shows that the model of Baker (1996) , valid between 700 and 900 ЊC, cannot be extrapolated to higher temperatures. At 980 and 1200 ЊC, the viscosity of such a melt containing 2.8 wt% H 2 O would be underestimated by approximately 10 and 100 times, respectively. The model of Hess and Dingwell (1996, Equation 7 ) predicts adequately the temperature dependence of the viscosity of Ab 75 Qz 25 (the calculated viscosity is 0.24 Ϯ 0.02 log units lower than the viscosities obtained experimentally), which can be expected because the data obtained for AOQ compositions by Schulze et al. (1996) were used in the database of Hess and Dingwell (1996) . For albite melts with 2.8 wt% H 2 O, the calculated and experimental viscosities are almost identical at 1200 ЊC. However, it can be noted that the model would fail in predicting adequately the temperature dependence of the viscosity of albite melts. With decreasing temperature from 1200 to 980 ЊC, an increase in the viscosity of 1.24 log units is predicted, whereas the experimentally determined viscosity increase is 1.02 log units. This deviation is small but shows that the activation energy for viscous flow is significantly dependent on the anhydrous composition of granitic or rhyolitic melts. For such compositions, a change of the anhydrous composition may cause a variation of 20 to 40 kJ/mol at high temperatures (900 to 1300 ЊC, e.g., Holtz et al. 1996) . This compositional effect, as well as the non-Arrhenian behavior of viscosity (e.g., Bottinga 1994), must be understood and taken into account if the viscosities of rhyolitic melts are to be predicted with a precision better than that obtained from empirical models. The best empirical model that has been proposed to date is that of Hess and Dingwell (1996) with a standard deviation of 0.46 log units and a validity over a wide viscosity range.
